A new membrane-integrated hybrid treatment system was investigated to turn highly hazardous coke wastewater reusable. This could protect both air and surface water bodies from toxic contaminants such as ammonia, phenol, cyanide, thiocyanate and other carcinogenic aromatic compounds which are normally released into the environment during discharge of coke wastewater and during quenching of coke by wastewater. Apart from these hazardous substances, oil, grease, other organics and even trace elements could be very effectively removed from wastewater by logical sequencing of chemical, biological and finally nanomembrane-based treatments in an integrated hybrid plant. After almost 99% removal of highly toxic cyanide compounds in a welloptimized Fenton's treatment unit, subsequent biological treatment units could be very effective. All these pretreatments helped achieve microbial nitrification and denitrification of more than 98% of ammonia. Composite nanofiltration membranes selected through investigation could separate ionic trace contaminants from water with a high degree of purification permitting recycling and reuse of the treated water. A selected cross flow membrane module allowed long hours of largely fouling-free operation under a reasonably low transmembrane pressure of only 15 bars while yielding an industrially acceptable flux of 80 L of pure water per hour per square meter of membrane surface.
INTRODUCTION
Coke making units, which are often located within steel making industries or coal-based power plants, generate enormous quantities of wastewater containing quite a number of highly hazardous compounds such as cyanide, phenol, ammonia, thiocyanate and other toxic and pathogenic contaminants represented by high value of chemical oxygen demand (COD) and biochemical oxygen demand (BOD), as analysed by Liu et al. () . Effective treatment of the organic and inorganic compounds present in coke wastewater has remained a longstanding problem to the industry operators. Failure of the treatment plants often Ghose ) . Phenol is the organic contaminant which contributes most to the total COD in coke wastewater. Nitrogen compounds (NH 4 þ -N, organic bound N and NO 3 -) are other major contaminants in coke wastewater and studies on steam stripping (Minhalma & () and Kumar et al. () , attempts have been made to treat coke wastewater using membranes. Though these studies have indicated the potentiality of membrane use in some stages in reducing individual toxic substances, there is hardly any reported study on a fully membrane-integrated plant that can make highly hazardous wastewater reusable.
Moreover, the majority of the reported studies have been conducted with synthetic wastewater whereas the characteristics of real wastewater substantially deviate from such ideal compositions. Thus there is a necessity for developing advanced treatment technology through investigation on real wastewater. If such an advanced treatment option succeeds in treating the wastewater up to the reusable criteria level, then this would lead to two-fold benefits to the water resources in general. On the one hand, hazardous wastewater will be prevented from polluting otherwise clean surface water bodies where wastewater is normally discharged and on the other hand, this will save on fresh water consumption by the same industry. hardly any integrated approach has been adopted for turning wastewater reusable in a continuous treatment scheme.
The majority of the reported studies are on batch mode.
Moreover, optimization of chemical treatment using response surface methodology in such cases has not been reported. In the present work, response surface optimized chemical treatment has been integrated with biological and membrane-based treatments leading to a substantial improvement in performance in all the steps. In the absence of such reported studies, the present work intends to fill a major technology gap through integration of chemical, biological and nanomembrane-based treatments with logical sequencing of treatments on real coke wastewater rather than a synthetic one with the purpose of developing a novel scheme of water treatment and reuse that is likely to be sustainable.
THEORETICAL Chemical treatment
Cyanide oxidation by Fenton's reagent is highly dependent on pH and at high pH cyanide is present as CN -ions so it sludge. Sarla et al. () found that degradation of cyanide using Fenton's reagent follows first-order kinetics. 
There is a possibility of autoregeneration of Fe 2þ in this system that may act as a catalyst.
Biological treatment
The degradation kinetics was obtained from the experiments carried out in batches and then making it continuous. The
Monod model was selected as the most suitable for this work. In the biological treatment process, the relationship between the rate of growth of microorganisms and the rate of substrate utilization can be expressed by:
where X ¼ microbial concentration; Y ¼ growth coefficient, mass of microorganisms produced per unit mass of substrate utilized; S ¼ concentration of organic food substrate utilized by microorganisms;
Dividing both sides of Equation (4) by X, we obtain:
In the above equation, ðdx=dtÞ=X is the specific growth rate, often represented by μ. The inverse of μ is referred to as the solids retention time or mean cell retention time, θ c.
The term ðds=dtÞ=s is the substrate utilization rate per unit amount of biomass and is called the specific substrate utilization rate. It can be approximated by the following expression:
where k s ¼ maximum specific substrate utilization rate,
Substituting Equations (6) and (7) into (5), we obtain:
In an activated sludge system, it is assumed that the contents in the aeration tank are completely mixed and that there are no microbial solids in the raw wastewater influent.
It is further assumed that the influent substrate concentration, S 0 , remains constant and that the system operates under steady state conditions. The solids are wasted from the sludge recycle line, although they may also be wasted from the aeration tank.
For a completely mixed system, Equation (6) can be written in terms of the system parameters. Thus, the solids retention time can be expressed as:
An expression for S e can be obtained by rewriting Equation (8) as:
Rearranging this expression, we obtain:
The relationship between X and S e in all tanks can be obtained by first considering a substrate material balance around the tanks. This step gives the amount of substrate utilized per unit time and per unit volume of the aeration tank:
A loading parameter that has been developed over the years is the hydraulic retention time (HRT), q
where A similar loading parameter is mean cell residence time or sludge retention time (SRT), q c ,
Under steady state operation the mass of waste activated sludge is given by: In the hydrodynamic models, porous membranes are represented as a bundle of straight cylindrical pores and solute transport is corrected for hindered conversion and diffusion due to solute-membrane interactions. The solvent velocity through the pores of NF membranes may be expressed using the Hagen-Poiseuille equation, as shown in Equation (16) (Bandini & Vezzani ) .
where J w ¼ the pure water permeability; r p ¼ pore radius;
ΔP ¼ the difference in applied pressure across the membrane; δ ¼ the thickness of the membrane; μ ¼ viscosity of fluid. According to Equation (16), increasing the pressure will increase the pure water flux, while the solute flux is proportionally related to the solute concentration gradient across the membrane.
The osmotic pressure difference, Δπ, may be calculated using the Van't Hoff equation:
where C is , C ip are, respectively, feed and permeate side concentrations of the solute.
Fluxes of permeate and the solute may be computed respectively as:
where L w is pure water permeability determined experimentally.
Solute flux is defined using the extended Nernst-Planck equation as shown in Equation (20):
where The concentration at the surface of the membrane can be estimated using the Donnan equilibrium as shown in Equation (21): (20) and (21) show that solute concentrations at the surface of the mem- (Table 1) and their basic differences were in membrane surface charge (available as manufacturer's data from Sepro).
Polyvinylidene fluoride (PVDF) microfiltration membranes (0.45 μm thickness) were procured from Membrane Solutions (USA). During the experimental investigation in an integrated pilot unit, only real wastewater collected by grab sampling from a coke making industry (Durgapur Projects Limited, India) was used after stabilization.
Methods
The membrane-integrated bioremediation system used for experimental investigations is presented in Figure 1 . The major characteristics of the industrial wastewater as used in the investigations are presented in Table 2 
Calculations
The influent and effluents were periodically analysed for residual contaminants (i.e. COD) for monitoring performance of the chemical, biological and membrane-based processes. The samples were always kept under refrigeration at 4 W C when immediate analysis could not be done. Nitrate, oil and grease were determined by the cadmium reduction method (4500 NO 3 -E) and partition-Gravimetric Method (5520B) respectively as described in Standard Methods of APHA (). During NF, the percentage removal of pollutants was calculated using Equation (22) below:
where C i and C f were COD in the feed and permeate streams, respectively.
RESULTS AND DISCUSSION
Results of optimization study using design expert 
It is clear from Equation (23) (24) and (25) below:
Cyanide may also be mineralized to bicarbonate and ammonia following the reaction:
Biological degradation of phenol and ammonia
The HRT was optimized for the successful treatment of the phenol and it was found that in 17.5 h, phenol was degraded up to a minimum detection level, as shown in Figure 5 .
Phenol was almost completely removed regardless of loading variation and the removal efficiency was always higher than 99%. The influent ammonia concentration was 2,720 mg/L and its removal increased with increasing HRT. After 35 h of retention time, removal almost stabilized.
The highest ammonia removal (98.7%) was achieved on operation of the system for 70 h of HRT. The following equations describe the nitrification process:
During nitrification, the pH of the medium reduces due to acid produced during nitrification. Hence pH was adjusted by the addition of 5N NaOH. For proper nitrification, the ratio of mass of CaCO 3 /mass of NH 4 þ -N is very important. Alkalinity in the nitrification process was maintained at around 150-200 mg/L of the medium by adding CaCO 3 at rate of 5 g/L to achieve adequate buffering, as
shown by the following equation:
The initial concentration of nitrate in the nitrification was found to be 1,254 mg/L due to conversion of ammonia to nitrate by two subsequent biological reactions. Nitrate was reduced to free nitrogen in the denitrification unit which was carried out as the last step at a methanol dosage of 2.4 L/m 3 (equivalent to a consumption of 7 mg COD/mg NO cals and microbes decomposed into ions and also microbial metabolism generated lots of ions which increased the conductivity. In aerobic treatment, oxygen was consumed and CO 2 was released which was subsequently converted into carbonic acid (H 2 CO 3 ), bicarbonate ions (HCO 3 -) and carbonate ions (CO 3 -) decreasing the pH and increasing the conductivity. These charged ions were removed by the charged NF1 membranes up to 93%.
ECONOMIC EVALUATION OF THE TREATMENT SCHEME
Economic evaluation of the treatment scheme was carried out considering the standard size of the plant from which wastewater was used for carrying out the present experimen- 
